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EXECUTIVE SUMMARY
This document presents the results of a physical modeling study performed at the Air Force
Research Laboratory (AFRL) between June 6, 1996 and September 6, 19x97 by a muiti-
disciplinary team comprised of AFRL, University of Florida (UF), Applied Research Associates,
Inc. (ARA), and AFRL researchers. The overall purpose of the study was to investigate the
dissolution behavior of dense nonaqueous phase liquids (DNAPLS) in three-dimensional flow
systems under controlled laboratory conditions. Specific research objectives included:
1. Design and construct a physical modeling system for the purpose of conducting mass-
conserving flow and transport experiments using chlorinated solvents.
2. Fully characterize flow hydraulics and transport hydrodynamics within the physical
model
3. Perform chlorinated solvent dissolution experiments in homogeneous media to develop
methods for source zone delineation
4. Perform chlorinated solvent dissolution experiments in heterogeneous media to expand
source zone delineation methods
5. Examine partitioning and interfacial tracer methods under controlled laboratory
conditions
During the course of this research project, objectives 1 through 3 were completed successfully.
Early preparations for objectives 4 and 5 were begun but were halted due to program changes at
AFRL. This report summarizes the work associated with objectives 1-3. The results of this
study were utilized by the University of Florida to examine numerical modeling methods for

source zone delineation; the reader is referred to the dissertation of Dr. Mark A. Newman for

details.
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INTRODUCTION

The validity of any contamination risk assessment depends upon adequate
characterization of the contaminant source and the aquifer hydrogeological properties.
Unfortunately, most field investigations leave subsurface sources poorly defined. This is
especially true when the source contains dense nonaqueous phase liquids (DNAPLS) such as
single or mixed chlorinated solvents. These compounds have very low water solubilities and
therefore can serve as groundwater contaminants for decades or longer. Lack of resources and
physical limitations on the standard intrusive methods for characterizing contaminant sources
such as soil coring and cone penetrometer methods are the main reasons these source areas are
often poorly defined. The development of technologies such as partitioning tracers and
interfacial tracers offer in situ characterization alternatives to the traditional intrusive techniques
(Jin et al., 1995; Annable et al., 1998a, b). However, application of in situ tracer techniques still
require some general knowledge of the contaminant source location and distribution.

The purpose of the study documented in this report was to use physical modeling
techniques to investigate the dissolution of multiple chlorinated solvent source zones in three-
dimensional flow systems. As part of this study, techniques for locating and estimating the
spatial distribution of DNAPL source areas were investigated. The results of an inverse
modeling study using data generated during this study can be found in Newman (2001).

Physical models are simplified versions of the real system that are functional and provide
the opportunity to perform physical experiments in order to simulate the responses of the system
to applied conditions and stresses. There is typically a scale difference between the physical
model and the real system; this must be considered in the simplifying assumptions and when

analyzing the experimental results.



A conceptual model of a multi-source DNAPL zone is illustrated in Figure 1. For this
conceptual model, the system of interest is an unconfined homogeneous sand aquifer in which all
transport is taking place within the saturated zone. It is assumed that a zone of water-soluble
contaminant has been introduced to the aquifer and that the contaminant is being transported in
the direction of the natural groundwater gradient. The groundwater flow is assumed uniform and
steady. It is also assumed that contaminant concentrations can be measured at multiple locations
down gradient of the contaminant source zone. A flux plane is established so that it is
perpendicular to the direction of groundwater flow. The conceptual model presented in Figure 1
was used to develop the physical model designed and constructed during this study, and forms

the basis for the inverse source zone modeling performed by Newman (2001).

Groundwater flow

v

[
>

<4 Concentration observations

Figure 1. Conceptual model of multi-source DNAPL zone.



THREE-DIMENSIONAL PHYSICAL MODEL

Three-dimensional physical modeling provides a means to examine complex processes
under controlled laboratory conditions. A particular strength of physical modeling is the ability
to reproduce experiments; this allows systematic variation in experimental parameters not
possible during field experiments. The ability to reproduce experimental conditions also allows
verification of experimental results. The physical experiments in this study were designed to
provide a sequential set of data to test the capabilities of the mathematical model and solution
techniques presented in Newman (2001).

The aquifer model used in this study was constructed at the Air Force Research
Laboratory, Tyndall Air Force Base, Florida (Figures 2 and 3). The system was designed for use
with chlorinated solvents; all wetted surfaces are stainless steel or glass, minimizing the
partitioning of hydrophobic chemicals to system components. All liquid effluent and vapor
streams passed through physical and/or chemical traps, eliminating exposure to hazardous
chemicals and allowing quantitative mass balance determinations. In the experiments performed
for this study, the model was configured to simulate a homogeneous surficial aquifer. The
porous medium was a clean, medium grained silica sand (Flint Silica #14).

The volumetric flowrate and corresponding pore water velocity were controlled by
manipulating the elevations of the inlet and outlet head tanks. The physical, hydrodynamic, and
transport characteristics of the system are presented in Table 1. The methods for determining

these values are discussed in the following sections.



Figure 2. Front view of three-dimensional aquifer model (Air Force Research Laboratory,
Tyndall Air Force Base, Florida)

Figure 3. Rear (sampling side) of three-dimensional aquifer model (Air Force Research
Laboratory, Tyndall Air Force Base, Florida)



Multi-Point Samplers. A series of multi-point samplers were emplaced within the flow system
providing a three-dimensional distribution of over 500 sampling points within the porous media.
The longitudinal distribution (x-z plane) of multi-point samplers is shown in Figure 4. The
lateral distribution (y-z plane) of sample points varies with location along the longitudinal (x)
axis. Some transects have a minimum of 20 sample points while the more extensive transects
have up to 72 sample points. Figure 5 shows the most extensive sampling transect at x = 50 cm.
The multi-point samplers were designed to allow for measurement of both liquid and
vapor phases. The samplers were constructed using 1.3 mm LD. stainless steel chromatography
tubing cut to specific sampling lengths (ranging from 5 to 45 cm). The sampling tubes were
joined using a lead free tin solder with an all-purpose soldering flux. The samplers were inserted
horizontally through the back wall of the flow system and sealed in place using a stainless steel
sheath and Swagelock® compression fitting. The extraction ends of the samplers were completed
with Teflon syringe sampling ports. The multi-point samplers were constructed in 2-point, 3-
point, 4-point, 5-point, and 10-point configurations. Figure 6 shows a 2-point sampler assembly.

Placement of Porous Media and Multi-Point Samplers. The porous media was emplaced dry in a

series of 5-cm lifts to a final depth of 1 m. As each lift was completed the multi-point samplers
were inserted horizontally and sealed in place. Once the sand and multi-point samplers were in
place, water was slowly introduced into the system in a series of 10-cm stages. After the up-
gradient head stabilized at each 10-cm increment, flow through the system was stopped and the
head was allowed to stabilize for 12 hours before the next stage was introduced. This process
was continued until an up-gradient head of 80 cm was established. Flow was then held constant

through the system for a period of 7 days.



Table 1. Physical, hydraulic, and transport properties of the three-dimensional aquifer model.

Parameter Value
Porous Media Flint Silica #14
(U.S. Silica, Ottawa, IL)
Porous Media Dimensions (length x width x height; m) 20x0.5x1.0
Median Grain Size (dso; mm) 1.2
Porosity (n) 0.3
Longitudinal Dispersivity (¢, ; m) 0.001 - 0.004
Transverse Dispersivity (o ; m) 0.0002
a Multi-point Samplers
@ 10-point Samplers
120
10+ Sand Surface
100+ o o o o o
.......... A...a...o_ ..ol .l o8 & o WalrTabe W
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Figure 4. Schematic of the multi-sampler distribution along a longitudinal transect of the aquifer
model.
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Figure 5. Schematic of the sample port distribution along a lateral transect (x = 50 cm) of the
aquifer model.



Figure 6. Two-point sampler assembly.

Physical and Hydrodynamic Characterization of the System. The porosity of the system was

estimated by packing three columns with porous media and determining their dry mass (Mp).
The columns were then saturated with water, and their saturated mass (Ms) was determined. An

average value for porosity was computed as

n=—= ¢y



where n is the porosity of a given column, M,, is the water mass (Ms-Mp), Vris the column
volume, and p,, is the density of water (1.0 g/cm®). The average porosity was determined to be
0.3.

Given that the model aquifer is of finite extent (2.0 m x 0.5 m x 1.0 m), application of the
Dupuit assumptions (Bear 1979) for one-dimensional flow through a homogeneous unconfined
aquifer allow for groundwater flow through the system to be estimated using a modified form of

Darcy’s Equation

Q, = KWh, LL"Z) @)

where Q, [L*T"] is the volumetric water discharge through the system, K [LT] is the hydraulic
conductivity, L and W are the length and width of the model aquifer; 4; and A, are the up- and
down-gradient head elevations; and &, is the saturated and capillary fringe thickness at L/2
(Figure 7). Application of the Dupuit assumptions implies that all flow is horizontal, and in this
case it is assumed that the water table is essentially linear. By assuming that the water table is
linear between the up- and down-gradient heads (h; and k), the saturated thickness A, can be

estimated using the following relationship

n=tth 3)

where h, is the capillary fringe thickness. Assuming uniform horizontal flow, and that the
volumetric flowrate through the system (Q,) can be approximated as the observed mean effluent

flowrate, the bulk specific discharge g_can be estimated as

q, = g. C))

and the mean pore water velocity can be estimated as



y, = 5)

where n is the system porosity.

If necessary, equation (2) can be used to estimate a bulk hydraulic conductivity value (K)
for the system. However, it should be noted that because hydraulic conductivity is actually a
constant of proportionality in equation (2), the estimated K value is specific to the current up-

and down-gradient head values (k; and k) and corresponding saturated thickness (k).

/ Capillary Fringe !
--------------- [“‘“---J:--{--.}_lE"_.__,_______“_“_" R ""’/ }
1 ; ;
K;n 0
hI AZ Y h& Sand hz O x
¥ 4/ X | |
~ L2 >

Figure 7: Steady unconfined flow through the three-dimensional aquifer model, assuming an
essentially linear water table and one-dimensional horizontal flow in the x-direction.
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EXPERIMENTS

Transport Characterization. In order to determine the longitudinal and transverse
dispersivities (, and ;) of the model aquifer, an ionic tracer experiment was performed. The
experimental conditions and parameters are summarized in Table 2 and a conceptual diagram is
shown in Figure 8. First, a steady flow field was established with an average saturated thickness
(hs) 0£ 0.969 m, and an average pore water velocity of 0.42 m/day. Then a 20-mg/L solution of
non-reactive chloride (Cl°) tracer was injected from a continuous point source located near the
inlet boundary at the center of the flow field (x = 0.025 m, y = 0.25 m, and z = 0.45 m).
Transient, chloride concentrations were measured at three locations (x =0.5m, x = 1.2 m, and x
= 1.7 m) along the centerline of the plume (Figure 9). Once the plume reached steady state,
transverse (horizontal) concentration distributions were measured at the same x-locations, on
three consecutive days (Figure 10).

The transverse concentration distributions were measured using 10-point samplers that
were designed specifically for this experiment. The 10-point samplers were constructed and
installed in order to provide a distribution of sample points with a 1-cm interval ranging from the
centerline to the lateral extent of the plume. This allowed for the measurement of steady state
transverse concentration profiles within the plume as shown in Figure 10. Assuming that the
plume was symmetric (implying that the vertical and horizontal transverse dispersion was the

same), the observed concentration distributions were used to estimate the transverse dispersivity

within the system.
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Table 2. System parameters for the transport characterization experiment.

Parameter Value

Chloride Source

Location (x, y, z; m) .025, 0.50, 0.45

Concentration (mg/L) 20

Injection Rate (Qs; m’/day) 5.774 x 10*
Saturated Thickness at L/2 (h; m) 0.969
Average Effluent Water Flowrate (Q,; m*/day) 0.061
Average Pore Water Velocity (v; m/day) 0.42

Source (Q)

c/C, C/c,
Time Distance
Transient breakthrough Steady-state transverse
curves (Figure 8) concentration distributions
(Figure 9)

Figure 8. Conceptual diagram of transport characterization experiment performed to estimate
longitudinal and transverse dispersivities.
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Figure 9. Chloride breakthrough curves (x = 50, 120, and 170 cm) and the corresponding
longitudinal dispersivity values determined using a Levenberg-Marquardt nonlinear parameter

estimation routine.
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Figure 10. Transverse chloride concentration distributions and corresponding transverse
dispersivity values determined using a Levenberg-Marquardt nonlinear parameter estimation
routine.
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The curves fit to the data in Figures 9 and 10 and the resulting dispersivity values were
obtained using a Levenberg-Marquardt nonlinear parameter estimation algorithm (Marquardt

1963) and the analytical solution for three-dimensional transport from a continuous plane source

(Domenico and Robbins 1985), rewritten in terms of the normalized concentration C£ and by

o
assuming that the horizontal and vertical transverse dispersivities are equal (&, = @, = a).

(6)

C L 22V e 2%0 || 220 Ul 2td | _2=d
e [Z(aLvt)H d [zmx)“} ’f[zm,x)‘” JH d [z(«x)} g [z(«x,x)” J}

where C is the plume concentration at location x, y, z and C, is the source concentration. The
dimensions b and d represent the half-width and half-height of the plane source, v is the pore
water velocity, &, and & are the longitudinal and transverse dispersivities, and ¢ represents the

elapsed time. Under steady state conditions

x—=vt

W—)—”; erfc(—oo) = 2 ™

AsSt— oo

equation (6) reduces to

C_ L) el ytb | o y=b |l | _z+d | | z-d_
6_4{ #[Z(aTx)m} 'f[Z(aTx)m:lH #[Z(JTX)M} #[2(0!116)“2“ @

In order to apply equations 6 and 8 the source dimensions b and d were estimated by
equating the specific discharge of the source (g, ) to the specific discharge of the system (g, ).
Knowing that the specific discharge is defined as the volumetric flowrate through a given cross-
sectional area, and assuming a square plane source (b = d) the source dimension can be estimated

as
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) _W_h_s_ g- 12
b'[ 4 (Qx)] ®

where W is the width of the model aquifer, A; is the average saturated thickness, Q is the source
injection rate, and Q; is the mean flowrate through the system.

With an estimate for the source dimensions b and d; equation 8 was used with the
Levenberg-Marquardt parameter estimation algorithm to determine the transverse dispersivities
(az) corresponding to each transverse concentration distribution (Figure 10). The estimated
values of a; were then used with equation (6) and the Levenberg-Marquardt algorithm to
estimate the longitudinal dispersivities (&, ) corresponding to each transient breakthrough curve
(Figure 9). The average transverse dispersivity for the three observation locations (x = 50 cm, x
=120 cm, and x = 170 cm) was 0.0002 m, as listed in Table 1. It can be seen in Figure 9 that the
longitudinal dispersivity value estimated at x = 50 cm (0.0039 m) is slightly higher than the
values at X = 120 cm and x = 170 cm (0.0014 m and 0.0013 m respectively). Inspection of the
breakthrough curve at location x = 50 cm reveals that the transition between the transient (rising
limb) and steady state (plateau) portions of the curve was not accurately captured. It is believed
that this missing information may have lead to the slightly higher longitudinal dispersivity
estimate. But, rather than ignore a portion of the data set, it was decided to report the
longitudinal dispersivity as a range of values (0.001 m to 0.004 m) as listed in Table 1.

When estimating the dispersivities, the analytical solution for transport from a continuous
plane source was used rather than a solution for a continuous point source in order to provide
agreement with the mathematical model presented in Newman (2000). Dispersivities estimated
using a point source solution would be greater than those estimated using the plane source

solution. This is because the plane source represents a larger source area than a discrete point.
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Tracer traveling from a point source would have to disperse a greater lateral distance in order to
reach the same transverse location as tracer traveling from the extent of a plane source.

Multiple Ionic Tracer Experiments. Once the physical, hydrodynamic, and transport

characteristics of the aquifer model had been established, experiments were preformed to provide
a sequential set of data to test the capabilities of the mathematical model and numerical solution
techniques presented in Newman (2000). The first experiment was a multiple source ionic tracer
experiment and the second was a multiple source DNAPL dissolution experiment.

The multiple source ionic tracer experiment was started by establishing a steady flow
field with an average saturated thickness () of 0.94 m, and an average pore water velocity of
0.45 m/day. Then, three steady state plumes were developed by continuous injection of bromide
(Br), chloride (CI'), and sulfate (SO42) tracer solutions (200 mg/L each) from three separate
injection ports, located within the up-gradient saturated region of the flow system. Experimental

conditions and parameters are summarized in Table 3 and the source locations are shown in

Figure 11.
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Table 3. System parameters for the multi-source ionic tracer experiment.

Parameter Value
Source No. 1 (Chloride)
Injection Point Location (x, y, z; m) 0.20, 0.25, 0.65
Concentration (mg/L) 200
Injection Rate (mL/hour) 1.152x 107
Source No. 2 (Bromide)
Injection Point Location (x, y, z; m) 0.20, 0.20, 0.50
Concentration (mg/L) 200
Injection Rate (mL/hour) 5.76 x 10*
Source No. 3 (Sulfate)
Injection Point Location (x, y, z; m) 0.20, 0.30, 0.50
Concentration (mg/L) 200
Injection Rate (mL/hour) 576 x 10
Saturated Thickness at [/2 (h;; m) 0.94
Average Effluent Water Flowrate (Qx; m3/day) 0.0635
Specific Discharge (g, , m/day) 0.135
0.45

Average Pore Water Velocity (v; m/day)
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Figure 11. Source locations (transect x = 20 cm) for multiple source ionic tracer experiment.
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Transient tracer concentrations were measured at multiple locations along the flow path in
order to determine when steady state conditions were established. Once the plumes had reached
steady state (day 6), tracer concentrations were collected throughout the entire model aquifer
domain on two consecutive days (day 7 and day 8). These data provided two “snap shots” of the
steady state tracer distribution within the porous media and are shown in Figures 12 and 13.
Inspection of Figures 12 and 13 provides a good indication that steady state conditions were
established, as the plume extents and concentration magnitudes are practically identical.

The reason for using three different ionic tracers was to provide the ability to distinguish
between the contributions of each point source to the combined downgradient plume. For
modeling purposes the tracer concentrations can be combined and treated as one single
contaminant, but having the ability to distinguish between the contributions of each source
allowed for additional scrutiny of each of the numerical models capabilities to estimate the
spatial distribution of mass flux. It also provided helpful information for trouble-shooting
simulated flux values at zones of plume overlap during the early stages of model verification.

Multiple Source DNAPL Dissolution Experiment. The multiple source DNAPL

experiment was started by establishing a steady flow field with an average saturated thickness
(hs) of 0.922 m, and an average pore water velocity of 0.34 m/day. Once steady flow was
established, ten DNAPL sources, composed of a mixture of 55% n-hexadecane and 45%
perchloroethene (PCE) by volume, were emplaced within the up-gradient region of the flow
system by slow injection of a known volume (approximately 10 ml for each source). The
corresponding mole fractions were 0.3 for n-hexadecane and 0.7 for PCE. The NAPL solution
also contained the hydrophobic dye oil red-o. Experimental conditions and parameters are

summarized in Table 4-4 and the source locations are shown in Figures 14 and 15.
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Figure 12. Steady state three-dimensional ionic tracer plume distribution for Day 7.
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Figure 13. Steady state three-dimensional ionic tracer plume distribution for Day 8.
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Figure 15. DNAPL source locations at transect x = 80 cm.
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The n-hexadecane was included in the NAPL solution for the following two reasons: to
prolong the life of the PCE source zones and to help provide a visual indicator of the source zone
distribution that could be recorded during excavation of the system. N-hexadecane is a
hydrophobic compound, which means that it has an extremely low aqueous solubility (S, sexs =
3.588 x 10” mg/l). By including an extremely hydrophobic compound in the NAPL mixture, a
partitioning media for the PCE was created which acts to reduce the effective solubility of PCE.
Reducing the effective solubility of PCE increases the lifetime of the PCE source zones. This
concept can be illustrated through the use of an analog of Raoult’s Law for the vapor pressure of
a solution. Raoult’s law states that the vapor pressure of a solution component above a solution
is equal to the product of the vapor pressure of the liquid and its mole fraction in solution
(Petrucci, 1985). The aqueous analog of this relationship can be expressed as

Sion = XiwySiom (10)
where X;q) is the mole fraction of component i in the NAPL mixture, S;n, is the pure aqueous

solubility of NAPL component i, and S, is the resulting effective aqueous solubility of

component i.

Pankow and Cherry (1996) observed that there was a wide range of aqueous solubility
limits reported in the literature for chlorinated solvents such as PCE and TCE. A review of the
literature found that the aqueous solubility of PCE is reported to range between 149 mg/1 (Lesage
and Brown, 1993) and 200 mg/L. (Mabey et. al, 1982). Knowing that the NAPL source solution
was composed of 45% PCE and 55% n-hexadecane by volume, and using the range of reported
PCE solubility limits, equation (10) can be used to estimate the expected experimental range of

effective solubility for PCE. The result is that the maximum expected aqueous phase PCE
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concentration during the NAPL dissolution experiment should be within the range 105 to 140
mg/L. Thus, by using n-hexadecane in the NAPL solution the solubility of PCE was reduced by
70 to 50% which decreased the rate at which PCE was removed from the system and lengthened
the effective life of the experimental NAPL source zones.

The second benefit of including n-hexadecane was that because it is extremely
hydrophobic, it would partition onto or coat the porous media. So, even as the source zones
dissolve, a portion of n-hexadecane will remain on the soil—effectively marking the extent of
the initial source zones. Because the dye, oil-red-o, is also hydrophobic it will partition
preferentially into the n-hexadecane, thus providing a visual indication of the NAPL source zone
spatial distribution. This was done so that during excavation the source zone distribution could
be recorded.

The one drawback of using n-hexadecane was that it is a light nonaqueous phase
liquid (LNAPL) meaning that its density (p,_,.., = 0.7733 g/ml) is less than that of water

(p,, =100 g/ml). In order to assure that the NAPL solution would behave as a DNAPL the

solution composition was selected such that the multi-component NAPL was denser than water
(Ppap, =116 g/ml).

Aqueous phase PCE concentrations were collected from within the flow system during
the transient stage of plume development, and over an extended time-period (approximately one
month) in which the plume was essentially at steady state. Once the system had reached steady
state, PCE concentrations were collected throughout the entire model aquifer domain on two
occasions (day 44 and day 58). Figures 16 and 17 show the measured PCE concentration
distributions. Inspection of the figures indicates that the PCE plume was essentially steady state,

as the plume extents and the range of concentrations are similar.
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Upon completion of the experiments the porous media was excavated and the source
zone distribution indicated by oil red-o dye was recorded using an excavation grid and digital
photographs (Figure 18). The extent of the DNAPL source zones in each photograph were
manually digitized and combined to develop a three-dimensional representation of the DNAPL
source zones (Figure 19). Knowing the three-dimensional spatial distribution of the DNAPL
sources provided an accurate assessment of the ability of the mathematical models (Newman,

2000) to determine the spatial distribution of contaminant mass flux values within a zone of

multiple sources.
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Table 4. System parameters for the multi-source DNAPL experiment.

Parameter Value

Source No. 1

Injection Point Location (x, y, z; m) 0.50, 0.15, 0.75

Volume Delivered (mL) 10.78
Source No. 2

Injection Point Location (x, y, z; m) 0.50, 0.20, 0.70

Volume Delivered (mL) 11.78
Source No. 3

Injection Point Location (x, y, z; m) 0.50, 0.25, 0.65

Volume Delivered (mL) 10.45
Source No. 4

Injection Point Location (x, y, z; m) 0.50, 0.30, 0.60

Volume Delivered (mL) 10.44
Source No. 5

Injection Point Location (x, y, z; m) 0.50, 0.25, 0.55

Volume Delivered (mL) 10.15
Source No. 6

Injection Point Location (x, y, z; m) 0.80, 0.25, 0.65

Volume Delivered (mL) 10.44
Source No. 7

Injection Point Location (x, y, z; m) 0.80, 0.30, 0.60

Volume Delivered (mL) 10.44
Source No. 8

Injection Point Location (x, y, z; m) 0.80, 0.25, 0.55

Volume Delivered (mL) 10.44
Source No. 9

Injection Point Location (x, y, z; m) 0.80, 0.15, 0.45

Volume Delivered (mL) 10.44
Source No. 10

Injection Point Location (x, y, z; m) 0.80, 0.10, 0.40

Volume Delivered (mL) 10.44
Saturated Thickness at L/2 (hs; m) 0.922
Average Effluent Water Flowrate (Q,; m*/day) 0.047
Specific Discharge (g, , m/day) 0.102
Average Pore Water Velocity (v; m/day) 0.34
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Figure 16. Steady state three-dimensional PCE concentration distribution for Day 44.
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Figure 17. Steady state three-dimensional PCE concentration distribution for Day 58.
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Figure 18. An excavation photograph showing the excavation grid (2 cm x 2 c¢m grid cells) and a
portion of the DNAPL source zone.
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Figure 19. Three-dimensional representation of DNAPL source zone based upon digital
excavation photographs. (The color shown matches the observed dye intensity in the excavation

photographs).
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SUMMARY

The physical modeling study described in this report successfully met many of the objectives
originally conceived for the project. Unfortunately, program changes and funding redirection
resulted in the project being halted before all objectives could be met. During the study, a
unique physical modeling system was designed and constructed to examine the dissolution
behavior of chlorinated solvents in porous aquifers under dynamic flow conditions. The physical
modeling system allowed quantitative mass balance to be achieved for chlorinated solvent mass
in groundwater, vapor, and solid phases within the model domain. Although designed to
simulate homogeneous and non-homogeneous phreatic aquifers, experiments performed during
this study only used the homogeneous configuration. Several experiments were performed to
characterize the hydraulics and hydrodynamics of the physical model, and to examine the
behavior of co-mingled plumes emanating from multiple ionic source zones. These experiments
were followed by multi-source DNAPL dissolution experiments. Results form these experiments
were used by Newman (2001) to develop and test inverse numerical modeling methods for
locating DNAPL source zones with minimal concentration measurement data. The numerical
tools developed using quantitative data gathered during this study demonstrate the usefulness and

importance of multi-dimensional physical modeling experimental techniques.
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